Population increase of piscivorous cormorants in Europe and in North America has 18 created a conflict between fisheries and the species. The impact of cormorants on 19 natural fish populations and yields of fishermen is still under debate. We investigated 20 potential connection of the great cormorant Phalacrocorax carbo abundance, fishing 21 effort and water temperature with the economically important perch Perca fluviatilis 22 and pikeperch Sander lucioperca yields, measured as catches per unit of effort 23 (CPUE) in gillnet fishing along the Finnish coastal areas (Baltic Sea) using 50 km 24
and pikeperch Sander lucioperca yields, measured as catches per unit of effort 23 (CPUE) in gillnet fishing along the Finnish coastal areas (Baltic Sea) using 50 km 24
International Council for the Exploration of the Sea (ICES) grids. Since cormorants 25 generally take smaller prey than fishermen, we expected 2-5 years time lag effect of 26 the cormorant numbers on CPUE. Correspondingly, we expected 4-7 years lag effect 27 of temperature on CPUE. Despite the population increase of cormorants, CPUE of 28 perch increased in 10 out of 29 ICES grids during the study period 2005-2014. 29 Pikeperch CPUE increased in five out of 24 grids and decreased in one. There was 30 significant annual variation in CPUE values of perch and pikeperch, but values were 31 not significantly associated with changes in cormorant numbers and temperature 32 either annually or long-term. However, the CPUE values of pikeperch decreased 33 towards the north, which is likely temperature driven as northern colder waters are 34 less suitable for this species than southern waters. There was no clear evidence that 35 either predation by cormorants or fishing effort are associated with long-term trends 36 of perch and pikeperch stocks on a larger scale along the Finnish coast. The 37
increasing CPUE values in several areas indicate that stocks are more abundant than 38 ten years ago despite an increasing cormorant population. Our study approach can be 39 used to monitor potential changes in stocks and impacts of cormorant in the future. America (double-crested cormorant) creating a conflict between fisheries and the 51 species (Carss, 2004; Fielder, 2010a,b; Rudstam et al., 2004; Van Dam and Asbirk, 52 1997; Veldcamp, 1996) . The impact of cormorants on natural fish populations and 53 fish catches is under ongoing debate. Some studies have suggested that cormorant 54 numbers can limit fish stocks (Fielder, 2008 (Fielder, , 2010a Rudstam et al., 2004; Vetemaa et 55 al., 2010) whereas others have found no effect (Dalton et al., 2009; Diana 2010 , Diana 56 et al., 2006 Engström, 2001b; Lehikoinen et al., 2011; Östman et al., 2012) . Most of 57 these studies concern local cases, and the potential role of cormorants has rarely been 58 investigated on a larger spatial scale. 59
The great cormorant population in the Baltic Sea has increased strongly in 60 recent decades. On the northern edge of the Baltic Sea, the species bred for the first 61 time in Finland in 1996 (Lehikoinen, 2006 and in 2014 the population consisted of 62 20,000 pairs. This has been suggested to particularly affect perch Perca fluviatilis and 63 pikeperch Sander lucioperca populations, which are the two major prey species that 64 have economic importance for fisheries (Lehikoinen, 2005 , Mustamäki et al., 2013 , 65 Salmi et al., 2015 . However, the potential effect of cormorant predation on the 66 catches of the fishermen cannot be distinguished if the effect of environmental 67 variables and fishing itself are not taken into account (Heikinheimo and Lehtonen, 68 2016; Marzano et al., 2013) . 69 fisheries catches can be easily overestimated without taking the year class fluctuations 94 and compensatory processes in the fish population into account. 95
The aim of this study is to investigate how cormorant predation and weather 96 conditions is connected with perch and pikeperch yields, measured as catches per unit 97 of effort in gillnet fishing along the Finnish coastal areas. Climatic conditions, 98 especially temperature, are known to strongly affect the survival of the young-of-the-99 year of perch and pikeperch (Heikinheimo et al., 2014; Lappalainen et al., 1996 Lappalainen et al., , 100 2000 and this influences the harvests of fishermen after a time lag (Pekcan-Hekim et 101 al., 2011) . Our study questions were whether cormorant numbers and water 102 temperature affected the yields of fishermen with a time lag, as a consequence of 103 increased mortality of young fish. We investigated this by examining the change in 104 catch per unit effort (hereafter CPUE) as an index of fish abundance both (i) in the 105 long-term and (ii) annually in a large spatial area. (iii) Third, we investigated, based 106 on population growth rates, how much the cormorant population would still be able to 107 grow in the area. When investigating the potential impact of cormorants on fish 108 stocks, other potential factors such as temperature and fishing effort should be 109 included. Our hypothesis is that cormorant numbers would have a negative effect on 110 fish stocks and therefore we would expect to have decreasing CPUE values in areas 111 with high cormorant densities compared to areas with low cormorant densities. 112
Although our main interest was to investigate the impact of cormorants on fish stocks, 113 it is important to control the potential effect of temperature. Increased temperature 114 improves survival of the young-of-the-year perch and pikeperch and positively affects 115 the yields of fishermen once these age groups have grown to a certain size (Pekcan-116 Hekim et al., 2011 The cormorant population of Finland has been intensively monitored along the whole 126 coastline and each of the colonies have been surveyed from the start of colonization 127 using single visit nest counts during the incubation period in May or early June. Since 128 colonies are easy to detect and the species has received a lot of media attention, we 129 are very confident that all of the colonies have been monitored from the start, i.e. 130 since 1996 (see Lehikoinen, 2006) . The most recent monitoring year was 2015 (P. 131
Rusanen, Finnish Environment Institute). Although cormorant numbers have 132 generally increased, there have also been local changes in dynamics and in some areas 133 the population has been declining (Lehikoinen et al., 2011) . This enables comparison 134 between areas with increasing, stable or decreasing cormorant numbers. 135
The fisheries data consist of catch and effort statistics of commercial gillnet fisheries 136 (36-60 mm bar length) (Pirkko Söderkultalahti, Natural Resources Institute Finland) 137 that are gathered in 50 km grids following the marine regional divisions of the 138
International Council for the Exploration of the Sea (ICES statistical rectangles; Fig.  139 1a). These data were used to calculate annual catches (kg) per unit of effort (in 140 number of gillnet days), (CPUE) for perch and pikeperch in each ICES statistical 141 rectangle. The gillnet effort, as the number of fishing days, is calculated separately for 142 each species from the catch observations deviating from zero in the reporting period, 143 which is one month in the coastal fisheries. The CPUE is the catch (kg) of the given 144 species per gear and per fishing day calculated from observations deviating from zero. 145 CPUE is used as an index of fish abundance (Ricker 1975) . This assumption is well 146 valid for e.g. net fishing so long as significant gear saturation did not occur (Hilborn 147 and Walters 1992, p. 175) . When a single population is being fished, and when effort 148 is proportional to rate of fishing mortality, it is well established that CPUE is 149
proportional to the mean catchable stock present during the time fishing takes place 150 (Ricker 1975 
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(1) CPUE j,t,i = Catch j,t,i / Effort j,t,i , 159 160 where Catch and Effort are the catch and gillnet effort of the species j (perch or 161 pikeperch) in year t in grid i, respectively. Grids with no gillnet effort targeted on 162 these species were omitted from the analyses. We used unit kg / 100 gillnet days in 163 the analyses. The statistics were available till year 2014, and we used data from the 164 last 10 years (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) when the cormorant population has been at its highest in 165 the study area. Altogether there are 29 ICES grids along the Finnish coast, but 166 pikeperch is targeted by fishing in only 24 of them because the species is rare in the 167 northern part of the study area and in the outer archipelago (Fig. 1a , Supp. Table 1)  168 The analyses were conducted using ICES grids (size about 50 x 50 km, but in 169 many grids large parts of the area are not suitable for perch, pikepearch or cormorants 170 due to land area and open deep waters). We calculated the number of breeding 171 cormorant pairs annually in each grid based on the annual locations and sizes of the 172 colonies (P. Rusanen, Finnish Environment Institute). Since cormorants are eating 173 smaller prey than those taken by fisheries (Lehikoinen et al., 2011 , Salmi et al., 2015 , 174
we used a time lag in the cormorant numbers (mean values of lagged years), when 175 investigating the potential effect of cormorants on catches of fishermen. Depending 176 on growth rate of fish individuals in both perch and pikeperch the fishes preyed upon 177 by cormorants would have mainly reached a suitable size for fishermen after 2 to 5 178 years (the most common ages of preyed pikeperch and perch 2-5 years; Heikinheimo 179 et al., 2016; Salmi et al., 2015) . We thus used the mean number of breeding 180 cormorants in each ICES grid cell 2-5 years prior as a proxy for the effect of the 181 cormorant on the CPUE of a given year. 182 183 2.2. Temperature data 184
185
We calculated the mean annual summer water temperature for each ICES grid cell 186 using the data provided by the Copernicus, Marine Environment Monitoring Service 187 (myocean.eu). More specifically, we used a database called 'Baltic Sea Physics 188
Reanalysis from SMHI (1989 SMHI ( -2013 ', which provides monthly mean temperatures 189 from a depth of 2 metres throughout the Baltic Sea in 5.5 km grids. We calculated the 190 mean of all grids that were situated inside each ICES grid. In perch we used the 191 period between June and August, based on the monitoring data of Natural Resources 192 Institute Finland, and for pikeperch we used the period July-August (Heikinheimo et 193 al., 2014 : Pekcan-Hekim et al., 2011 . Since temperature may affect the survival of 0-194 year class fishes (Lappalainen et al., 2000) , which would recruit to the harvested 195 population after several years, we used temperature data of 4-7 years before the 196 harvest season. This time lag is based on the fact that most pikeperch and perch 197 (females) become large enough in 5-7 and 4-6 years respectively, to be caught by the 198 gillnets of fishermen (Heikinheimo et al., 2016; Pekcan-Hekim et al., 2011; 199 unpublished perch data of the Natural Resources Institute Finland). is study year as a categorical variable and grid was included as a random factor. The 257 base model included only CPUE i,t-1,j and Year as fixed variables and grid as a random 258 factor. In the annual analyses, we used R function lme of the nlme package. 259
We used CPUE of the previous year (CPUE i,t-1,j ) to account for autoregressive 260 dynamics. Furthermore, the effort year before could reveal the impact of fisheries on 261 fish stocks. Negative relationship between CPUE and effort year before could indicate 262 that increasing fishing effort may have caused decreased fish stocks. The fishing 263 effort and the cormorant numbers were log-transformed (ln(value + 1)) before the 264 analyses because of large variation in the magnitude of the cormorant numbers. Since 265 the fishing effort and temperature were strongly negatively correlated with the latitude 266 we transformed temperature into ICES grid specific temperature anomalies (mean 0 267 within each grid), as we were interested in the effect within each grid annually. 268 2) and the population is mainly concentrated to the western and southern sea areas 289 (Fig. 1b) . There are no colonies around inland lakes in Finland. 290 were found in five grids out of 24 and a significant decreasing trend was found in one 297 grid (Suppl. Table 2 ; Fig. 1a ). Grid-specific trends in temperature and cormorant 298 numbers or the maximum size of cormorant population were not significantly 299 connected with the average long-term change in CPUE in the corresponding grids 300 either in perch or pikeperch (Table 1 ; Fig. 3 ). The significant intercepts in the both 301 perch models and in one out of the two pikeperch models suggested generally average 302 long-term increase in the CPUE values (Table 1) . 303 304
Annual variation in CPUE 305

306
In perch, none of the models were clearly better than the base model, which included 307 CPUE t-1 and year (AICc difference less than 2; Table 2 ). Thus, only the base model 308 was considered. CPUE values were positively connected with CPUE values year 309 before suggesting positive autocorrelation (Table 3) other years did not significantly differ from that first year (Table 3) . 313 314 In pikeperch, the top ranked model included CPUE year before, latitude and year, and 315 was clearly better than the base model (Table 4 ). There were three other models 316 within 2 ∆AICc (Table 4) , but all these included the same variables as in the top 317 ranked models and additional variables in these models can be considered as 318 CPUEs of three-year-old pikeperch in experimental gillnet fishing, was negatively 366 affected by the presence of cormorants in a coastal area of Sweden, but such a trend 367 was not seen in the commercial catches. Although cormorants consume relatively 368 large number of fishes, they typically take smaller fish than commercial fisheries 369 (Lehikoinen et al., 2011 , Salmi et al., 2015 . As the mortality of young age groups is 370 generally high, a large part of the cormorant predation may not be additive to other 371 mortality (Hilborn and Walters, 1992; Heikinheimo et al., 2016) . Compensatory 372 mechanisms such as density-dependent mortality and growth (Rose et al., 2001; 373 Heikinheimo et al. 2016 ) counteract the effect of predation mortality on fisheries 374 catches. Despite this, there are local studies which indicate that e.g. perch populations 375 can be less dense near cormorant colonies, however it is not known whether is this 376 due to predation or indirect effects such as changes in water quality and vegetation, or 377 avoidance of areas with higher predation risk (Gagnon et al., 2015) . 378
With perch, one explanation to the missing connection between cormorant 379 abundance and fisheries CPUEs is that cormorants eat both small sized males and 380 females, but it is mainly females that grow large enough to be caught by fishermen 381 (Heikinheimo and Lehtonen, 2016) . Therefore, assuming that all perch taken by 382 cormorants would have grown to the sizes caught with gillnets leads to overestimate 383 of potential catch losses (Salmi et al. 2015; Heikinheimo and Lehtonen, 2016) . 384
Not only are cormorants mobile, but some fish are moving too, whereas some 385 are quite sedentary. The range of migration usually depends on the distribution of 386 food resources, the temperature conditions and abundance of neighbouring 387 populations, as well as the morphology of the archipelago (Aro, 1989) . For example, 388 the migrations of perch are shorter in areas where the archipelago zone is narrow. 389
When the area of shallow archipelago is extensive, the migrations are longer. About 390 half of the recaptures of tagged perch in Finnish coastal waters are made at a distance 391 of about 20 km from the point of release (Böhling and Lehtonen, 1984) . The dispersal 392 area of tagged pikeperch was also small in areas where the tagging site was 393 surrounded by a sparse archipelago. Locations where the dispersal area was large 394 usually had good connections with other archipelagos. In most cases, 75% of 395 pikeperch recaptures were made within a distance of 10 km from the tagging point 396 (Lehtonen and Toivonen, 1987) . Since the dispersal distances seem to me relatively 397 short, the CPUE values of the grids are less likely driven by mixing of several grids. 398 Lappalainen et al. (1996 Lappalainen et al. ( , 2000 have shown that survival of zero-year-old perch 399 and pikeperch is higher in warmer temperatures, which explains the latitudinal 400 pattern. It is possible that our study period was not long enough to catch this climatic 401 effect, as especially in pikeperch to the coast to more sheltered bay areas, where the fishing effort directed to perch and 415 pikeperch has increased. Accordingly, in the outer archipelago the gillnet effort has 416 decreased. Perch and especially pikeperch are relatively rare in the diet of grey seals 417 in the Baltic (4% and <1% in the diet according to Lundström et al., 2010, 418 respectively; in the Finnish study <10% together; Kauhala et al., 2010) , and thus seal 419 predation is unlikely any important driver of the perch and pikeperch stocks. 420
Our population growth models of cormorants suggest that the cormorant 421 population growth rate has been slowing down in recent years. The Finnish cormorant 422 densities start to be at the same level as in other Baltic countries, where saturation has 423 been reached already earlier (Bregnballe et al., 2014) . If the Finnish population 424 approaches its saturation point, it is unlikely that the cormorant population will cause 425 large-scale declines in perch and pikeperch populations. Nevertheless, this issue 426 should be monitored on a regular basis as the carrying capacity could alter due to 427 changes in environment, such as climate. We believe that our study design provides 428 an appropriate tool to (i) monitor the changes in perch and pikeperch stocks targeted 429 by commercial fishery in the Finnish coastal waters and (ii) examine potential large-430 scale connections between cormorants and catchable fish stocks, and the analysis 431 could be applied to other areas where similar monitoring is occurring. However, there 432 is likely a need to investigate potential impacts of cormorants on a more local scale. 433
Since the Baltic Sea and its fish community has been predicted to change due to 434 various environmental drivers, not least to climate change (Andersson et al., 2015; 435 Mackenzie et al., 2007; Pekcan-Hekim et al., 2011; Vuorinen et al., 2015) , it is 436 important to continue monitoring fish stocks as accurately as possible. 
